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The copper(II) complex of 1,4,7,10-tetraazacyclododecane [Cu(Il)-cyclen] was covalently immobilized in mes-
oporous silica aerogel. This immobilization significantly alters the catalytic activity of Cu(I)-cyclen when
referenced to the dissolved complex in the oxidation of phenol by HyO, in aqueous solution. In order to un-
derstand this phenomenon, the functionalized aerogel was characterized by scanning electron microscopy (SEM),
N2 porosimetry, small angle neutron scattering (SANS), infrared spectroscopy (IR) and electron paramagnetic
resonance spectroscopy (EPR). Aerogel morphology is typical of mesoporous silica aerogels, and the coordination
mode of Cu(Il) in the immobilized complex is well-related but not identical to solution phase Cu(II)-cyclen. The
mechanisms of the catalytic reactions involving dissolved and immobilized Cu(II)-cyclen were explored by fine
kinetic experiments using capillary electrophoresis (CE) and on-line UV-vis spectrophotometry. Hydroquinone,
pyrocatechol and the related benzoquinones were identified as the main intermediates in both reaction systems.
A detailed kinetic model is postulated based on global data fitting, which clearly highlights the mechanistic
differences in the two systems. Interestingly, the activation of the catalyst by Hy03 is more effective in the case of
the aerogel, but the total conversion of phenol is slower due to hindered mass transport compared to using

dissolved Cu(I)-cyclen.

1. Introduction

The accumulation of phenol and its various derivatives in waste-
water is a global environmental problem. In higher concentrations, they
are toxic to most organisms [1]. Chlorinated phenolic derivatives exhibit
carcinogenic feature at low concentrations, therefore, the accumulated
phenols must be eliminated before the chlorination of the water. Its
removal is still difficult, since phenol is not a biodegradable organic
compound, and its physical removal requires post-treatment [2-5].

There are several methods to eliminate phenolic compounds from
wastewater such as distillation, adsorption, extraction, membrane pro-
cesses, ozonization and advanced oxidation processes (AOPs) [6-12].
Oxidation with hydrogen peroxide in an aqueous medium in the pres-
ence of a catalyst is considered to be an efficient and green process
[13-15]. Copper-containing catalysts have successfully been used for
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oxidizing phenol with HyO5 [16-18]. Heterogeneous catalysis is
preferred, because the catalyst can be physically separated and recycled.
Therefore, the immobilization of efficient catalysts in chemically inert
porous supports with large apparent surface area is often sought. An
important aspect of utilizing porous catalyst supports is that the re-
actions take place in confinement inside the pores. Such confinement of
the reactants can alter the frequency of the reactive collisions, which can
affect the kinetics of the overall catalytic reactions. This could lead to
the alteration of the specific activity or the selectivity of the immobilized
catalyst compared to the dissolved counterpart used in a homogeneous
system. In connection with such phenomena, Derouane et. al. proposed
and later extended the theory of “confinement / nest effect”, first for the
shape selectivity of zeolites [19,20].

Inorganic oxide (silica, alumina, titania, zirconia, etc.) aerogels are
ideal catalyst supports owing to their open mesoporous structures and
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high apparent surface area. Functionalized aerogels have already been
successfully applied, e.g. in the dehydrogenation of ammonia, in
Fischer-Tropsch processes, in methanol conversion and in the oxidation
of carbon monoxide [21-24]. Recently, the cyclen (1,4,7,10-tetraaza-
cyclododecane) and cyclam complexes of Cu(Il) were reported to be
immobilized in silica aerogel and used for the catalytic oxidation of
phenol by Hy0; in aqueous solution. Interestingly, the immobilized
catalysts displayed distinct specific activities than their dissolved
counterparts under otherwise identical conditions. All experimental
details including kinetic experiments highlighting the differences be-
tween the catalytic activities are given in the referenced publication
[25]. However, the detailed mechanistic explanation for the alteration
of the catalytic activity of the immobilized complexes has not yet been
given.

In this paper, we report the in-depth characterization of the Cu(Il)
complex of 1,4,7,10-tetraazacyclododecane (denoted as Cu(II)-cyclen
through this paper) immobilized on mesoporous silica aerogel support,
and the detailed mechanistic investigation of the catalytic oxidation of
aqueous phenol by HO,. The catalytic features of dissolved Cu(Il)-
cyclen (homogeneous catalysis) and that of the Cu(II)-cyclen function-
alized aerogel (heterogeneous catalysis) are contrasted to each other.
Detailed kinetic models are postulated in the homogeneous and the
heterogeneous systems in order to give a mechanistic explanation for the
alteration of the specific catalytic activity of Cu(ll)-cyclen when
immobilized in silica aerogel.

2. Experimental section
2.1. Materials

Tetramethyl orthosilicate (TMOS), 1,4,7,10-tetraazacyclododecane
(cyclen), (3-glycidoxy-propyD)-trimethoxysilane (GPTMS), phenol and
copper(Il) nitrate were purchased from Sigma-Aldrich. Methanol and
acetone were purchased from Molar Chemicals Ltd. (Budapest,
Hungary). Ammonium carbonate and nitric acid (65%) were purchased
from Merck, while 30% hydrogen peroxide and phenol were from VWR.
The aqueous solutions were prepared with doubly-deionized and ultra-
filtered water (ELGA PureLab classic system). Argon gas cylinders
(99.996%) and carbon dioxide cylinders (Biogon-C, 99.5%) equipped
with a dip tube were purchased from Linde Gaz Magyarorszag Zrt.
(Debrecen, Hungary).

2.2. Synthesis of functionalized silica aerogels

Copper(II)-cyclen functionalized silica aerogels were prepared by a
base catalyzed sol-gel synthesis method published in the literature
[25,26]. Because the cyclen moiety easily reacts with the carbon dioxide
content of the air, the synthesis was carried out under inert atmosphere.
A two-necked flask was flushed with Ar, and 802 mg (4.65 mmol) cyclen
was dissolved in the mixture of 32 ml (1.78 mol) water and 63.5 ml
(1.09 mol) of ethanol. To this solution 4 ml GPTMS (18.1 mmol) was
added, and the mixture was stirred for 30 min at room temperature. The
functionalized silica-precursor forms in the reaction between cyclen and
GPTMS as illustrated in Scheme 1. In the subsequent step, 1.12 g Cu
(NO3)2-3H,0 (4.63 mmol) dissolved in 20 ml (1.11 mmol) of water was
added to the solution. Rapid complex formation was accompanied by
change in color from colorless to dark blue. The silica gel was prepared
by adding 15.2 ml (102 mmol) TMOS to the system, followed by the
addition of 382 mg (3.97 mmol) of ammonium carbonate as a catalyst in
4.0 ml (222 mmol) water. The mixture was poured immediately into a
plastic mold. Gelation occurred within a few minutes. The alcogel was
kept in the sealed mold for 5 days. The aged gels were placed into
methanol for 24 h. After that, multiple step solvent exchange was carried
out as follows. Methanol was replaced to a mixture of methanol-acetone
2:1, methanol-acetone 1:1, and finally to pure acetone. Before the su-
percritical drying, the gel was soaked in freshly distilled acetone for
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Scheme 1. Synthesis and schematic structure of the Cu(Il)-cyclen functional-
ized silica aerogel, denoted as CuCy-AG.

three days to remove residual water. Drying was performed in a
pumpless drying system using supercritical COy based on the same
protocol as published earlier [26,27].

The steps of the formation of the immobilized Cu(Il)-cyclen and the
chemical structure of the covalently bound complex are shown in
Scheme 1. The resulting pristine Cu(II)-cyclen functionalized aerogel is
denoted CuCy-AG through the paper.

2.3. Aerogel characterization

2.3.1. Conventional characterization techniques

The morphology of the aerogel was studied by low voltage scanning
electron microscopy (LV SEM) with a ThermoFisher Scientific Scios 2
instrument. The sample was fixed with a vacuum-resistant carbon tape
on the sample holder. Because of the low accelerating voltage and small
electron beam current, the charging effects of the aerogel sample were
practically eliminated [28]. Therefore, fresh fracture surfaces of the
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aerogels were imaged in their pristine states without the application of
conductive coatings on the samples.

The apparent (specific) surface area, the pore size distribution and
the pore volume of the aerogels were measured by Ny adsorp-
tion-desorption porosimetry (Quantachrome Nova 2000e). The samples
were degassed under vacuum at 80 °C for 24 h before the measurements.
The apparent surface area was calculated from the adsorption curve
using the BET method. The pore size distribution was calculated from
the desorption curve using the BJH method.

The infrared spectrum (IR) of the aerogel was measured with Perkin
Elmer Spectrum Two Spectrometer in attenuated total reflection (ATR)
mode.

2.3.2. Copper content of aerogel

Four sets of experiments were performed to determine the copper
content CuCy-AG. In the first two experiments, 10.0 mg powdered CuCy-
AG was soaked in 4.00 ml of ultrapure water for 8 h and another 10.0 mg
CuCy-AG in 0.01 M HNOs solution for 1 h. In the third experiment, a
mixture of 4.00 ml of 65% HNO3 and 1.00 ml of 30% H50; solutions
were added to 10.0 mg powdered CuCy-AG and heated in a Milestone
EHTOS UP high-power microwave digestion system. In the microwave
digestion system, the reaction mixture was heated to 200 °C in 15 min,
and kept at high temperature for another 15 min. In the fourth experi-
ment, the reaction conditions were the same as in the third experiment,
but an additional 1.00 ml of 40% HF solution was added to the reaction
mixture for digestion. After cooling, 1.00 ml of 45 g/L boric acid solution
was added to the fourth sample, and heated again to 160 °C for 10 min.
The digested samples were brought to 25.0 ml final volume by ultrapure
water, and by 20 g/L boric acid solution in the case of the fourth sample.
In the case of the first three experiments, the silica residues were
removed by centrifugation. In the fourth experiment, CuCy-AG was
completely solubilized.

The copper content was measured by ICP-OES technique using an
Agilent 5100 SVDV spectrometer. Five point matrix fitted calibration
was applied, diluted from 1000 mg/L standard solution (Scharlau) and
the intensity values were collected at 327.395 nm. Measurements of
each sample were repeated three times. Measuring parameters were as
follows: read time: 5 s; uptake delay: 15 s; rinse time: 30 s; stabilization
time: 10 s, viewing height: 8 mm, the nebulizer gas flow rate: 0.70 L/
min, plasma gas flow rate: 12.0 L/min. SVDV viewing mode was applied.
The concentrations of at least 3 parallel samples were averaged.

2.3.3. Small angle neutron scattering (SANS)

SANS experiments were performed on the Yellow Submarine in-
strument available at Budapest Neutron Center. This is a pin-hole type
instrument with a two-dimensional neutron detector. Two sample-to-
detector distances (1.2 m and 5.4 m) and two wavelengths (4.38 A
and 10.23 A) were used. The beam diameter was 8.0 mm. The samples
were measured for 60 — 180 min at room temperature. The momentum
transfer (Q) is defined by the following equation:
0= 477[ sing (€8]

Here, 1 is the wavelength of the monochromatic neutron beam and ©
is the scattering angle. By altering 4 and sample-detector distance, a Q
range of 0.0065 — 0.4000 A~! was covered. The definition of the scat-
tering intensity (I) is as follows:

dx
1(2,6) = L()AQn()TV -5 (Q) )

Here, Ij is the incoming neutron flux, AQ is the unit solid angle, (1)is
the detector efficiency, T and V are the transmission and volume of the
sample and $(Q) is the macroscopic differential cross section. The
macroscopic differential cross section conveys structural information on
the studied system. The measured scattering intensity was corrected for
sample transmission, empty cell scattering, solvent scattering, detector
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sensitivity and background scattering.

The structural parameters of the scattering objects were determined
by the mathematical analysis of the corrected I(Q) curves. For a wide Q
range where both the Guinier and the Porod approximations can be used
for different parts of the SANS curve, their combination is applicable.
This is referred to as the Beaucage model, and it covers the whole Q
range [29,30].

oy flt2)]
1(Q) = Aexp( ¢ §g2> +B [ ‘ - @)

Rg is the average gyration radius, p is the power exponent, and A and
B are coefficients related to the volume and number density of the
scattering objects and to their contrast. Parameters A and B can be
treated as adjustable scaling parameters. Data fitting was performed by
using non-linear least-squares algorithms in the Igor Pro 6.1 software.

Dry, powdered CuCy-AG was introduced into 2.0 mm thick quartz
cuvettes. The aerogel was measured both in its pristine state, and filled
with a liquid in order vary the contrast in the sample. Measurements
were made when the aerogel was filled with H>0, D20 or a HoO — D20
mixture in the composition of 66 (V/V)% Hy0 — 34 (V/V)% D30. The
liquid to dry aerogel mass ratio was 4.0 g/g in each sample. After gentle
homogenization, the filled samples were stored overnight at room
temperature before SANS measurements.

2.3.4. Electron spin resonance (EPR) spectroscopy

Copper(II)-cyclen complex and CuCly were investigated in aqueous
solution. Copper(Il)-cyclen functionalized aerogel was investigated in its
dry state as a powder and in aqueous suspension. X-band CW-EPR
spectra were recorded with a BRUKER EleXsys E500 spectrometer (mi-
crowave frequency 9.4 GHz, microwave power 13 mW, modulation
amplitude 5 G, modulation frequency 100 kHz). For the frozen solution
measurements, an 0.2 ml aliquot of Cu(Il)-cyclen sample was introduced
into a quartz EPR tube then 0.05 ml MeOH was added to avoid the
crystallization of water. The EPR tubes were placed into a Dewar
container filled with liquid nitrogen at 77 K. For powder EPR mea-
surements in the case of the dry aerogel, the spectra were recorded at
room temperature.

The measured spectra were corrected by the baseline spectrum
measured in the same way and simulated using a designated EPR pro-
gram [31]. Axial g-tensor (g and g1) and copper hyperfine A-tensor (4
and A1) have been used for the simulation of the components. The
super-hyperfine coupling of the coordinated nitrogen atoms is not
resolved in the spectra. The linewidths were fitted by using axial line-
width parameters (o|,0L1). Since a natural CuCl, was used for the
measurements, the spectra were calculated as the sum of the spectra of
53Cu and %°Cu weighted by their natural abundances. The copper and
nitrogen coupling constants and the relaxation parameters were ob-
tained in field units (Gauss = 1074 T).

2.4. Catalytic oxidation of phenol

2.4.1. Kinetic measurements by on-line UV-vis spectrophotometry

The catalytic oxidation of phenol was monitored by on-line UV-vis
spectrophotometry using a fiber optic spectrophotometer (AvaLigh-DHc
lamp and Avantes Avaspec-2048L-TEC-RS detector) [32]. The reactions
for these measurements were typically run in 10 mm x 10 mm standard
spectrophotometric cuvettes constantly stirred by a built-in magnetic
stirrer. A built-in Peltier unit ensured temperature control. The volume
of the reaction mixture was 3.00 ml, the temperature was 70 °C and the
reaction mixture was stirred at 700 rpm. The progress of the reaction
was monitored as a function of time in the wavelength range between
200 and 1000 nm. Spectra were recorded in short intervals (0.5 - 2.0
min) in order to get at least 500 time resolved spectra for one reaction
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[33].

When larger reaction volumes were needed for external instrumental
analysis, the kinetic experiments were run in stirred reactors, under
identical conditions. The progress of these reactions was also monitored
by UV-vis spectrophotometry by taking samples.

The concentration of the CuCy-AG catalyst was typically 0.113 mg
mL~! which corresponds to 27.3 uM Cu(Il)-cyclen. The catalyst con-
centration used in homogeneous reactions was the same. In order to
prepare Cu(Il)-cyclen solution without free Cu?* ions, free cyclen was
used in 1.0% excess over Cu(I). The typical initial concentration (co) of
phenol was between 1.00 and 20.0 mM, and that of H,O, was between
50.0 and 500 mM. The concentration of the HoO5 stock solution was
standardized by iodometric titration. The concentration and the purity
of phenol solutions were measured by capillary electrophoresis.

The reaction mixtures were not buffered, and the pH of the reaction
mixture was measured with a Metrohm 913 pH meter equipped with an
6.0234.100 pH-electrode [34].

2.4.2. Analysis of the reaction mixture by capillary electrophoresis (CE)

The progress of the reactions was monitored both in the homoge-
neous and in the heterogeneous systems by micellar electrokinetic
capillary chromatography (MEKC), which is one of the techniques of
capillary electrophoresis (CE). MEKC can be especially useful for the
determination of uncharged / hydrophobic / slightly water soluble
compounds. The surfactant sodium dodecyl sulfate (SDS) formed mi-
celles. The different partitioning of phenols between the aqueous the
background electrolyte and the hydrophobic micellar phase is the basis
for separation.

Kinetic experiments were conducted under the same conditions as
for on-line UV-vis detection, but in larger volume. Samples were
collected from the reaction mixtures and immediately frozen in order to
stop the reaction. The samples were melted at 15 °C before analysis.
(The reactions were still practically halted at 15 °C.)

The MEKC experiments were carried out on an Agilent 7100 capillary
electrophoresis device (Agilent, Waldbronn, Germany). The electro-
pherograms were recorded and processed by ChemStation computer
program of B.04.02 version (Agilent). Separations were performed using
polyimide coated fused-silica capillaries of 65 cm 50 mm id (Polymicro
Technology, Phoenix, AZ, USA). The 2-3 mm window for detecting was
prepared with the burning of the polyimide layer. The capillary was
conditioned for 15 min with a 1.0 M NaOH solution before the first use,
then with a 0.1 M NaOH solution for 30 min and finally with the buffer
solution for 30 min. Before the measurements, the capillary was
conditioned with the buffer solution for 5 min. The following experi-
mental conditions were used during the measurements: [y = 65 cm, 50
mM phosphate, 50 mM SDS, pH = 7.0, +20 kV, +50 mbar x 2 sec, A =
210 nm. UV-vis spectra were recorded under the same measurement
conditions by a diode-array detector. The chemical components of the
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reaction mixtures were identified based on migration time spiking the
sample with standards, and based on their UV-vis spectra compared to
those of the standards.

3. Results and discussion
3.1. Morphology and pore structure of CuCy-AG

3.1.1. Scanning electron microscopy (SEM)

Representative SEM images of the CuCy-AG are shown in Fig. 1. The
functionalized aerogel is built from primary spherical nanoparticles
interconnected to form an open porous network, which is typical for
silica aerogels. The structure contains mostly mesopores of quasi-
spherical shape. Additionally, a few macropores (dpore = 150 — 200
nm) are visible in the images. There are no aggregated clusters or ridges
visible in SEM pictures, which indicates that the nanoscale structure of
the aerogel is uniform resulting in a consistent morphology. Overall, the
incorporation of Cu(Il)-cyclen does not alter the fundamental
morphology of the aerogel compared to that of archetypical silica aer-
ogels, which is desirable [35].

3.1.2. Nz-sorption porosimetry

Nitrogen adsorption—desorption isotherms of CuCy-AG are shown in
Fig. 2. The hysteresis curve is classified as IUPAC IV category with a H3
type loop. This is characteristic for mesoporous materials with a small
number of macropores [36]. According to the t-plot method, the
contribution of micropores is also negligible to the total porosity [37].
Pore size distribution calculated using the BJH method are shown in
Fig. 2. The structural parameters calculated form the sorption isotherms
are collected in Table 1. As a reference, the structural parameters of the
parent archetypical silica aerogel are also shown in Table 1. The
apparent surface area of CuCy-AG is 464 m?2/g, which is relatively low
for silica aerogels. The mean pore size was estimated to be 31 nm. The
results of the Np-sorption porosimetry indicate, that the pore structure of
silica aerogel is somewhat altered as a consequence of the incorporation
of Cu(Il)-cyclen. The apparent surface area and the total mesopore
volume of CuCy-AG are lower, and the mean pore size is larger
compared to those of archetypical silica aerogel. The reason can be that
the relative rates of the hydrolysis and polycondensation reactions
yielding the silica network are altered due to the presence of the Cu(II)
containing precursor, that in turn result in a somewhat altered pore
architecture [38].

3.1.3. Infrared spectroscopy (IR)

The representative FT-IR spectrum of the CuCy-AG is shown in Fig. 3.
An intense broad band was observed at 1050 cm ™" that is typical for
silica aerogels. This band is assigned as the Si-O-Si antisymmetric
stretching vibration. At 2870 and 2950 cm ™!, two weak bands are

e,
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Fig. 1. Scanning electron microscopy (SEM) images of CuCy-AG in 35 kx (left) and 100 k x magnification (right).
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using the BJH method.

Table 1

Structural parameters of Cu(II)-cyclen and pure silica aerogel estimated by the
BET and the BJH methods from N, adsorption-desorption porosimetry data
[39].

Parameter CuCy-AG silica aerogel Data evaluation
C-constant 35 70 BET
Apparent surface area (m?/g) 464 768 BET
Average pore size (nm) 31 25 BJH
Total pore volume (cm®/; g) 3.7 6.0 BJH
80 T T T
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Fig. 3. Infrared spectra (FT-IR) of the pristine CuCy-AG and the parent sil-
ica aerogel.

present that are not detectable in the parent silica aerogel. These peaks
are attributed to aliphatic C-H stretching vibrations, and certainly arise
due to the functionalization with the Cu(I)-cyclen complex. The IR data
are in excellent agreement with those of published in the article first
describing the synthesis of CuCy-AG [25].

3.2. Copper content of CuCy-AG

In order to determine the copper content of CuCy-AG, ICP-OES
measurements were carried out using different sample preparation
strategies (cf. Section 2.3.2). After soaking CuCy-AG in ultrapure water,
no copper was detected in the resulting solution. When CuCy-AG was
soaked in 0.01 M HNOg3, the amount of solubilized copper corresponded
to 0.42 wt% of the aerogel. The amount of solubilized copper was 1.53
wt% using microwave digestion without HF, while adding HF increased
this value to 1.59 wt%.

Soaking in water did not liberate any copper from CuCy-AG; mean-
ing there is no weakly bound dissolvable Cu(Il) in the functionalized
aerogel. If the Cu(II)-cyclen is not bound by multiple covalent bonds to
the silica backbone (cf. Scheme 1), dilute nitric acid can hydrolyze the
linkage and solubilize the complex. This is operative only for a fraction
of Cu(ID-cyclen in the aerogel. Microwave digestion without HF
completely destroys the organic part of the aerogel, but not the silica
framework; while digestion with HF completely solubilizes CuCy-AG.
Complete solubilization corresponds to 1.59 wt% copper content.
Therefore, this value was used in further calculations.

3.3. Small angle neutron scattering (SANS)

Representative SANS curves measured for the pristine and the filled
CuCy-AG samples are shown in Fig. 4. The SANS curves of the pristine
and the Hy0 or D,O filled CuCy-AG samples are structured, and can be
fitted using the Beaucage model. The goodness of the fit of these curves
were better when the Beaucage model was complemented with a second
power-law component. The estimated values of the gyration radius (Rg)
and the power exponents (p; and p,) are given in Table 2. Pore size was
calculated from the gyration radius assuming the spherical geometry of
pores [29,40].

The neutron scattering length density (SLD) of amorphous silica is
1.96 x 107° A=2, which is expected to be matched by filling the aerogel
with the 66 (V/V)% H20 - 34 (V/V)% D20 (64 wt% Ho0 — 36 wt% D>0)

Pristine
Filled with H,0

Filled with D,0
Filled with 66% H,O - 34% D,O

4ronm

I(Q) (arb.u.)
2

Q(A™

Fig. 4. Small angle neutron scattering (SANS) curves of CuCy-AG measured in
its pristine state and filled with H,O, D,0 or a H,0-D,0 mixture, as indicated in
the legend. Markers are experimental data points and continuous lines are re-
sults of non-linear fitting. The estimated structural parameters are given
in Table 2.
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Table 2

Structural parameters estimated by fitting the SANS curves of the pristine and
the filled aerogel samples with the Beaucage or the power-law model. The
experimental SANS curves and the non-linear fits are shown in Fig. 4.

Sample Beaucage dpore Beaucage Beaucage Power-

preparation + power- (nm) + power- + power- law
law model law model law model model
Rg (R) P P2 p

Pristine 86 +3 22 28 +0.1 3.5+0.1

H,0 95 + 4 25 2.6 +0.1 3.5+ 0.2

D,0 97 +3 25 29+0.1 3.8+0.1

H,0 - DO 19+

0.1

mixture [41,42]. Indeed, the corresponding SANS curve shows practi-
cally no specific scattering due to the contrast of nanosized objects. This
curve can be fitted only with a single power-law scattering model, which
yields a single p value (Table 2).

The average pore diameter of CuCy-AG is 22 nm according to SANS,
which is in reasonable agreement with the pore size distribution
calculated from Ny-sorption data. The p; = 2.8 value for the pristine
aerogel is characteristic for mass fractals that is in agreement with the
fundamental morphology of silica aerogels [38]. The second power-law
exponent ps = 3.5 is characteristic for surface fractals. The presence of
the second Porod region is reasonble due to the presence of macropores
in the aerogel. Scattering on the nanostructured surface of the large
macropores are assumed to be responsible for the surface-fractal type
Porod region.

The fact that the contrast of CuCy-AG can be matched by the esti-
mated HyO — D20 mixture is a strong indication that the Cu(Il)-cyclen
moieties do not form nanosized clusters in the functionalized aerogel.
In the case of the aggregation of the Cu(II) containing structural ele-
ments, they would be expected to show marked specific scattering when
the contrast of silica is matched. Accordingly, the contrast variation
SANS result suggest that the Cu(II)-cyclen moieties are dispersed ho-
mogeneously in the functionalized silica aerogel. This idea is further
strengthened by the EPR results, as detailed later.

3.4. EPR spectroscopy

Electron spin resonance (EPR) spectroscopy measurements were
carried out in order to investigate the coordination mode of the Cu(I)-
cyclen complex in CuCy-AG. The solution of Cu(Il)-cyclen was investi-
gated frozen at 77 K. The EPR spectrum of pristine CuCy-AG was
recorded in its dry state, and that of the hydrated CuCy-AG was recorded
in aqueous suspension frozen at 77 K (Fig. 5).

The frozen solution spectrum of Cu(Il)-cyclen complex features an
exclusive copper(II) species (Component 1) characterized by an axial g-
tensor (Table 3). The obtained EPR parameters slightly differ from those
reported previously for Cu(I)-cyclen complexes, but they fall within the
margin of error [43,44]. For the dry and the wet CuCy-AG systems, the
EPR spectra cannot be assigned to one axial g-tensor, and the parameters
can be fitted well only if two components were considered (Component
2 and 3).

In the case of Component 2, the g- and A-tensors are similar to those
obtained for Component 1. This component exhibits significant line
broadening (w1, wj values) which can be readily explained by consid-
ering the fact, that the copper centers in the aerogel are relatively close
and the dipole-dipole interactions between them is able to increase the
line broadening. However, the interaction between the two unpaired
electrons (e.g. the distance between the Cu(II) centers) is not strong
enough to cause antiferromagnetic coupling.

The parameters of Component 3 differ significantly from those of
Component 1 and 2. The large g| and small A values corroborate the
presence of weaker equatorial ligand field in this component. Such
complex can be envisioned when one of the nitrogen atoms is not bound
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(c) CuCy-AG (solid+water)
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Magnetic field (mT)

Fig. 5. Experimental (black) and simulated (red) EPR spectra recorded for the
frozen solution of Cu(II)-cyclen complex (a); the dry CuCy-AG aerogel (b) and
the frozen suspension of the wet aerogel (c). The component spectra obtained in
the simulations are shown as follows. Spectrum (a) was fitted with Comp. 1 in
100%, spectrum (b) with 54% Comp. 2 + 46% Comp. 3 and (c) with 62% Comp.
2 + 38% Comp. 3.

Table 3
Anisotropic EPR parameters obtained in the simulation of the recorded EPR
spectra. Coupling values and linewidth parameters are in units of 10 cm™2.?

gl g Al A ol [all
Comp.1 2.044 2.197 16 190 20 18
Comp.2 2.049 2.194 17 190 23 22
Comp.3 2.056 2.211 10 171 37 25

 The experimental error was + 0.001 for gl and gj; +1 x 10* em™! for
couplings and linewidth parameters.

in the equatorial plane, or the copper(Il) is accommodated by the
binding of the hydroxyl group of the linker in the axial position. The
ratio of the Component 3 decreases when water is added to the sample.
This is most probably due to the presence of a metastable H-bond
network in the dry state. Thus, it is reasonable to assume that the su-
percritical drying conserves metastable conditions. The addition of
water to the aerogel breaks the conserved structure and shifts the
metastable condition to the thermodynamically stable state.

3.5. Mechanism of catalytic oxidation of phenol

3.5.1. Reaction intermediates

Both the homogeneous and the heterogeneous reactions were fol-
lowed on-line in high time resolution by UV-vis spectrophotometry. The
spectral changes correspond to the depletion of phenol, the concerted
formation of multiple reaction intermediates, and finally, the depletion
of these intermediates (Fig. 6) [25].

In order to identify the intermediates, samples were withdrawn from
the reaction mixtures and analyzed using CE-MEKC. Four major in-
termediates were identified in the case of both the homogeneous and
heterogeneous reaction mixtures: 1,2-dihydroxybenzene (1,2-DH); 1,4-
dihydroxybenzene (1,4-DH); 1,2-benzoquinone (1,2-BQ) and 1,4-benzo-
quinone (1,4-BQ) (Representative electropherograms of standards and
reaction mixtures are shown in the Supporting Information). In general,
the concentrations of 1,2-DH, 1,4-DH and 1,2-BQ are much higher in the
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Fig. 6. Panel A: Time resolved spectra recorded during the catalytic oxidation of phenol in the presence of CuCy-AG. Inset: kinetic curve at 400 nm (co(phenol) = 4.3
mM; co(H202) = 300 mM; Ceatalyst = 0.027 mM; 70 °C). Panel B: UV-vis spectra of 1,2-BQ (blue) and 1,4-BQ (green) superimposed on the baseline corrected spectrum
of the mixed reactants (black) and the spectrum of the reaction mixture when the intermediates are present at maximum concentration levels (red).

reaction mixtures than that of 1,4-BQ. The variation of the integral of the
CE-MEKC peaks of the intermediates as a function of reaction time is in
good agreement with the kinetic curves recorded by on-line spectro-
photometry (Fig. 7). According to the CE-MEKC measurements, the
accumulation of 1,2-DH, 1,4-DH and 1,2-BQ is well-expressed in both
reaction systems at high initial concentrations of phenol, but the kinetics
of their production and subsequent oxidations are different. These ki-
netic phenomena will be discussed in Section 3.5.2. The oxidation of the
benzoquinones results in ring-opening and the formation of a mixture of
dicarboxylic acids. The same oxidation intermediates and products were
identified by HPLC in a study published earlier [25].

The UV-vis spectra of the reaction mixtures recorded at intermediate
reaction times are characteristic for the intermediates. These spectra are
in excellent agreement with that of 1,2-BQ in the case of both the ho-
mogeneous and heterogeneous reactions (Fig. 6). However, matrix rank
analysis of the time resolved UV-vis spectra suggests the presence of two
light absorbing intermediates (Table S1 in the Supporting Information).
Therefore, besides 1,2-BQ, the minor contribution of 1,4-BQ is also
observed in the time resolved UV-vis spectra both in the heterogeneous
and homogeneous reactions.

Independent measurements confirm that the pH values of the reac-
tion mixtures change in time due to the formation of dicarboxylic acid
products. The starting pH is between 4.4 and 5.6 depending on the initial
concentrations of phenol and H0,. The final pH after the oxidation of
the DH and BQ intermediates is between 3.1 and 3.3 depending on the
conditions of the kinetic experiments.

T 2.0
—— phenol
—e— 1,2-DH
® “— ——1,4-DH 15
> T
S £
£100- <
° 11.0 8
I «— — <
S 4
£ 105 <
2 -
0 : 0.0
0 5 10 15

corrected reaction time (s) x10™

Fig. 7. The variation of the integrals of the CE-MEKC peaks of phenol and
dihydroxybenzene intermediates as a function of reaction time superimposed
on the kinetic curve recorded by UV-vis spectrophotometry. (co(phenol) = 20
mM; ¢o(H202) = 300 mM; Ceaalyst = 0.136 mM; 70 °C; A = 400 nm).

3.5.2. Kinetic model

The catalyst concentrations were calculated based on Cu(Il) contents
both in the homogenous and heterogeneous reaction systems. This was
standardized using elemental analysis by ICP-OES. Thus, equivalent
catalyst concentrations means the equivalent concentrations of the Cu
(ID-cyclen, either dissolved or immobilized in CuCy-AG.

For the quantitative evaluation of the time resolved UV-vis spectra in
a kinetic run, we had to take into account that CuCy-AG is present as a
suspension in the heterogeneous reaction mixture. In these experiments,
light scattering from the aerogel caused the slight elevation of the
baseline of the UV-vis spectra. This effect was corrected using the dual-
wavelength method as described by Liu and Zhu, i.e. the subtraction of
the apparent absorbance (extinction) of the aerogel suspension from the
UV-vis spectra at each reaction time [45,46]. In the case of the homo-
geneous Cu(Il)-cyclen catalyst, no such correction is required.

Informative kinetic curves can be constructed by plotting the
absorbance at 400 nm as a function of reaction time. At this wavelength,
only the 1,2-BQ and 1,4-BQ intermediates absorb light. Thus, the kinetic
curves start at zero absorbance, and return to zero absorbance by the
oxidation of the intermediates. Representative kinetic curves are shown
in Fig. 8 demonstrating the effect of the variation of the concentration of
the catalyst. Additional kinetic curves showing the effects of the varia-
tion of the initial concentrations of phenol and H,O are reported in the
Supporting Information (Figs. S1 — S3). A short induction period is
present in some of the kinetic curves. A semi-quantitative observation is
that oxidation of phenol and the concerted formation of the in-
termediates are faster using heterogeneous CuCy-AG catalyst. On the
other hand, the subsequent oxidation of the intermediates is signifi-
cantly faster in the presence of dissolved Cu(Il)-cyclen.

The simplest kinetic model that adequately describes the reaction
systems is given in Scheme 2. This model provides a coherent mecha-
nistic interpretation of the experimental observations. The proposed
reaction steps (from R1 to R12) are the same for the homogeneous and
the heterogeneous systems. All reaction steps are second order. The first
step (R1) is the direct reaction of HoOy with Cu(I)-cyclen yielding an
active intermediate (CuCat*). Based on the works of Robbins et al. and
others, this activation step is proposed to involve the formation of a Cu
(ID-hydroperoxide complex [47-49]. This elementary reaction step is of
key importance in the kinetic model, because this is naturally the first
step in the catalytic cycle. Once formed, the CuCat* species is proposed
to react rapidly with organic compounds. The active catalyst (CuCat*)
might oxidize Hy05 to O3 (R2), which is a side reaction to be considered
[50]. The catalytic oxidation of phenol (Phe) by CuCat* to 1,2-DH and
1,4-DH takes place in reactions R3 and R4, respectively. The catalytic
oxidation of the dihydroxybenzenes takes place in two consecutive re-
action steps. First, they are oxidized to the corresponding quinones (R7
and R8); and in subsequent steps, the quinones are oxidized to products
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Fig. 8. Kinetic curves recorded at different catalyst concentrations in the homogeneous (A) and heterogeneous (B) reactions. Markers: measured data. Lines: results
of global fitting using the kinetic model of Scheme 2. co(phenol) = 4.3 mM; co(H202) = 300 mM; Ccatalyst = 0.027 — 0.546 mM; 70 °C.

R1 2 CuCat+ H,O; — 2 CuCat*

R2 2 CuCat* + HO, — 2 CuCat + O,

R3 CuCat* + Phe — 1,2-DH + CuCat

R4 CuCat* + Phe — 1,4-DH + CuCat

RS 7,2-DH +H,0, — 1,2-BQ

R6 1,4-DH+H,0, — 1,4-BQ

R7 [,2-DH + 2 CuCat* — [,2-BQ + 2 CuCat
R8 [,4-DH + 2 CuCat* — 1,4-BQ + 2 CuCat
R9 /,2-BQ + H,0, — Prod,

R10 7,4-BQ + H,0, — Prod,

R11 17,2-BQ + 2 CuCat* — Prod; + 2 CuCat

R12 [,4-BQ + 2 CuCat* — Prod; + 2 CuCat
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Scheme 2. Kinetic model for the catalytic oxidation of phenol. All reaction steps are second order and the rate constants are in the unit of M~! s~1. The complete
system of rate equations derived from the kinetic model is given in the Supporting Information. The rate constants were estimated by global data fitting including
multiple experimental kinetic curves representing the variation of the initial concentrations of the catalysts, HoO> and phenol (ccatalyst = 0.027 — 0.546 mM;
co(phenol) = 1.0 - 5.7 mM; co(H203) = 200 — 500 mM). Calculated kinetic curves are shown in Figs. 8 and 9. [Abbreviations: CuCat: catalyst, CuCat*: activated

catalyst, Phe: phenol, Prod: product].

(R11 and R12). The direct reactions between HyO5 and the dihydrox-
ybenzenes (R5 and R6) and the analogous non-catalyzed oxidation of the
quinones (R9 and R10) are also included in the kinetic model.

A general nature of multistep reaction systems is that the absolute
rate of a reaction step that consumes an intermediate cannot be higher
than the rate of the step producing this intermediate, because the con-
centration of the intermediate would otherwise drop to very small
values rapidly halting the reaction. In the studied systems, CuCat* is
present as a steady-state intermediate under both heterogeneous and
homogeneous conditions, and the rate of Phe degradation is determined
by the interplay of several kinetically coupled reaction steps. Therefore,
we refrained from using any approximations and applied the approach
of global kinetic data fitting and simulation [51]. The complete system
of rate equations derived from the kinetic model of Scheme 2 and used
for the computations is given in the Supporting Information. Global data

fitting was performed using the kinetic curves recorded by UV-vis
spectrophotometry. Multiple sets of kinetic curves recorded under
different initial conditions were simultaneously evaluated with the
program package ZiTa using the GEAR algorithm [52]. From the two
reaction systems, a selection of 8 — 8 kinetic curves were included in the
global evaluation in the initial concentration range of ccatalyst = 0.027 —
0.546 mM; co(phenol) = 1.0 — 5.7 mM; co(H202) = 200 — 500 mM. The
molar absorbances of phenol, 1,2-DH, 1,4-DH and the products were
considered zero at A = 400 nm. The molar absorbances of 1,2-BQ and
1,4-BQ were determined independently and were fixed parameters in
the calculations. The initial values of all rate constants were varied in a
systematic way in order to sensitize the optimizing algorithm to all re-
action steps. As seen in Fig. 8, satisfactory results were obtained in the
selected range of initial concentrations. The estimated rate constants are
listed in Scheme 2; and Fig. 9 shows the calculated concentrations of
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phenol, the intermediates and the oxidation products as function of re-
action time in representative cases.

In general, the oxidation of phenol and the intermediates display
very distinctive kinetics in the two systems. Most of the catalytic re-
actions are faster in the presence of the homogeneous catalyst, but some
trends are similar in the rate constants of the analogous reactions. The
oxidation of phenol to 1,4-DH (R4) is significantly faster than the for-
mation of 1,2-DH (R3) in both the heterogeneous and the homogeneous
systems. However, the subsequent oxidation of 1,4-DH to 1,4-BQ (R8) is
significantly slower than the oxidation of 1,2-DH to 1,2-BQ (R7). Finally,
the overoxidation of 1,4-BQ (R12) is faster than that of 1,2-BQ (R11) in
both systems. These relations result in the accumulation of 1,4-DH and
1,2-BQ during the reactions. Depending on the starting concentrations,
1,2-DH and 1,4-BQ can also form in detectable transient concentrations,
which is in-line with the analytical results discussed in Section 3.5.1.

Earlier reports indicate that 1,2-DH could reduce a number of Cu(II)
compounds to Cu(I) and induce Fenton-like reactions [53]. We consid-
ered this possibility and introduced such reaction steps in the global
kinetic fitting procedure. The overall result is that neither catalytic
systems are sensitive to these reaction steps. The explanation is that the
reductions of Cu(Il)-complexes are preferred only in highly acidic so-
lutions [53].

3.5.3. Mechanistic considerations

The kinetic properties of the heterogeneous reaction system are the
consequence of multiple kinetic and mass transport effects. The mass
transport (diffusion) of HyO; is practically unhindered in the pores of
silica aerogel, similar to that of water, as shown previously by NMR
measurements [54]. On the other hand, the diffusion of phenol and its
oxidation products are hindered in the pores of the functionalized aer-
ogel. These restricted mass transport processes are reflected in the low
rate constants of reactions R3, R4, R11, R12 in the heterogeneous system
where phenolic compounds and quinones have to reach the immobilized
catalyst inside the pores of the aerogel.

Interestingly, the activation of the catalyst in reaction R1 is faster in
the case of the CuCy-AG compared to dissolved Cu-cyclen. The global
fitting was very sensitive to the k; parameter in both systems, and this
parameter is not in correlation with any other. Thus, the difference in k;
in the two systems is considered significant even in the statistical sense.
The higher effective rate constant in the heterogeneous system can be
due to the stabilization of Cu(Il)-cyclen as the consequence of its
immobilization. One effect can be the separation of the copper centers as
shown by SANS and EPR, which might inhibit the unwanted interactions
of the catalytic centers. Furthermore, the local concentration of HyO4
can be elevated inside the pores due to its sorption in silica aerogel,
which can also cause the increase of the effective rate constant of the
activation of Cu(Il)-cyclen situated inside the pores. In addition, the EPR
studies confirmed the presence of further Cu(Il) species in the aerogel.
Here, either the binding of an apical hydroxyl group or a partially

occupied equatorial plane is expected. On the basis of earlier studies and
plausible considerations, the latter scenario is more likely, thus the
equatorial plane of the Cu(Il) is expected to contain a displaced solvent
(water) molecule [47,48]. This probably provides an easier access for
the Hy0; and readily yields the active form of the catalyst, i.e. the Cu(II)-
hydroperoxide complex. In contrast, the homogenous system unambig-
uously possesses one exclusive Cu(Il) species, wherein all the four
equatorial places of Cu(II) are accommodated by the nitrogen atoms of
the cyclen moiety. Consequently, the formation of the active form of the
catalyst by HyO2 (R1) requires the rearrangement of the coordination
sphere resulting in lower rate of the activation than in heterogeneous
system.

4. Conclusions

Silica aerogel was intended to serve as a chemically inert support for
1,4,7,10-tetraazacyclododecane [Cu(Il)-cyclen] as it acts as a catalyst in
the oxidation of aqueous phenol by Hy0,. The morphology of the
functionalized aerogel is very similar to that of the parent silica aerogel
with an open interconnected mesoporous network. Small angle neutron
scattering (SANS) measurements prove that the copper centers are
dispersed quasi homogeneously in the silica matrix. There is no indi-
cation for the formation of individual copper rich structural regions in
the nanometer scale. Electron paramagnetic resonance (EPR) spectros-
copy measurements prove, as well, that the Cu(II) centers do not interact
with each other, but the coordination mode of Cu(Il) is somewhat
different than in dissolved Cu(I)-cyclen. Detailed kinetic experiments
prove that a unified kinetic model is adequate to describe and bench-
mark both the homogeneous and the heterogeneous reaction systems.
This approach clearly showed that the specific activity of the hetero-
geneous catalyst is somewhat lower than that of the homogeneous
because of hindered mass transport, and not because of ineffective
activation or new side reactions. Reflecting to the characterization re-
sults highlights that the effective separation of the catalytic centers and
the accessible equatorial plane of Cu(II)-cyclen in the functionalized
aerogel ensures the conservation of the catalytic activity of the complex.
This is naturally advantageous for an immobilized catalyst.
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